Introduction {#S1}
============

The marine cyanobacterium *Synechococcus* is an abundant photosynthetic prokaryote in the ocean and contributes ∼17% of marine net primary production ([@B22]). Distribution and productivity of *Synechococcus* are mediated by various environmental factors. Of them, temperature is an essential factor influencing a wide range of physiology ([@B9]), cellular processes ([@B9]; [@B37]), gene and protein expression ([@B36]), and geographic distribution of *Synechococcus* ([@B79]; [@B49]). Recent quantitative niche models predict that ocean warming will increase cell abundance and geographic distribution of *Synechococcus*, subsequently impacting ocean ecosystem and biogeochemical cycles ([@B22]). Therefore, understanding the molecular mechanisms of *Synechococcus* in acclimation to ocean warming is of particular interest.

Nitrogen (N) is an essential factor for the distribution and productivity of *Synechococcus*. In estuarine and coastal waters, *Synechococcus* can use nitrate, nitrite and ammonium as the primary N source for cell growth ([@B52]; [@B72]). However, these N nutrients are extremely low throughout much of the surface oligotrophic ocean ([@B53]; [@B44]), and cannot support the growth of *Synechococcus*. Instead, urea, as the smallest organic substructure dominating the dissolved organic pool, is regarded as the main N source for cyanobacteria in the oligotrophic oceans ([@B64]; [@B56]). Studies show that *Synechococcus* is able to utilize organic N ([@B45]; [@B72]; [@B17]) and cells grown on a urea source can increase gene transcripts related to CO~2~ fixation ([@B36]), indicating that urea has a role in controlling carbon--N flux branching between pathways.

*Synechococcus* inhabits nearly all surface oceans, from coastal waters to open ocean, crossing large scale temperature, and N nutrient gradients ([@B79]). Despite considerable progress in understanding the response of *Synechococcus* to temperature ([@B36]; [@B37]; [@B70]) or to different N sources ([@B45]; [@B36]), little is known about the ocean warming effect on the growth of *Synechococcus* under different N conditions. It is predicted that the temperature of global ocean surface will increase 3°C on average at the end of this century due to the increasing anthropogenic activities ([@B2]; [@B62]), which will result in an increase of 14% in cell number for *Synechococcus* in the ocean ([@B22]). This implies that ocean warming promotes the cell growth of *Synechococcus* under different N regimes but the mechanism is not clear.

Here, we investigated growth, physiology and proteomics of an oceanic *Synechococcus* sp. strain WH8102 (hereafter WH8102), grown in two N sources (nitrate and urea) under three temperature conditions (22, 25, and 28°C) using a newly developed isobaric tag (IBT)-based quantitative proteomic approach ([@B54]). The purpose of this study was to provide insights into the acclimation mechanisms of *Synechococcus* grown in different N sources to future ocean warming. Our results demonstrated that rising temperature impaired *Synechococcus* although urea alleviated damages of rising temperature to cells to some extent, which might affect productivity and distribution of *Synechococcus* in the future ocean.

Materials and Methods {#S2}
=====================

Cell Culture and Growth Conditions {#S2.SS1}
----------------------------------

An axenic culture of *Synechococcus* sp. WH8102 was purchased from the Bigelow Laboratory^[1](#footnote1){ref-type="fn"}^ then cultured in L1 medium ([@B25]) prepared with oligotrophic seawater obtained from the Taiwan Strait. Seawater was filtered through a micro-membrane filter and autoclave sterilization, followed by the addition of sterile nutrients (882 μM NaNO~3~ or 441 μM urea, 36.2 μM NaH~2~PO4) and EDTA-chelated metals (11.7 μM EDTA, 11.7 μM FeCl~3~, 0.9 μM MnCl~2~, 80 nM ZnSO~4~, 50 nM CoCl~2~, 10 nM CuSO~4~, 82.2 nM Na~2~MoO~4~, 10 nM H~2~SeO~3~, 10 nM NiSO~4~, 10 nM Na~3~VO~4~, and 10 nM K~2~CrO~4~) following the reported study with a few modifications ([@B67]). The f/2 vitamin solutions were added at final concentrations: Vitamin B1 (296 nM), biotin (2.05 nM), and Vitamin B12 (0.369 nM). 441 μM urea was added because it contains two N atoms per molecule. Cultures were grown at 22, 25, and 28°C with an irradiance of 20 μmol photons m^--2^ s^--1^ provided under a 14:10 h light: dark photoperiod.

Prior to the experiment, approximately 5 × 10^5^ cells/μL WH8102 cells were grown in fresh L1 medium at their experimental temperatures and nitrogen types, respectively. After three transfers, temperature and nitrogen-acclimated parent cells at the late exponential stage were concentrated and transferred to fresh L1 medium containing one of the following N sources: 882 μM NaNO~3~ or 441 μM urea. Each treatment was carried out in triplicate, each with a volume of 800 mL. Cell density, Fv/Fm and N nutrient concentration were monitored every day. Growth rate (*T*~d~; defined as doubling times per day) was calculated according to the [@B37]: *T*~d~ = log~2~(*N~i~* ~+\ 1~/*N*~i~), while *N~i~* ~+\ 1~ is the cell numbers of the *i* + 1 day, *N*~i~ is the cell numbers of the *i* day. The average growth rate was calculated in the log-phase of cell growth. Late-log phase cells were harvested for physiological, RNA and quantitative proteomic analysis. It should be pointed out that data of the cells at the 22°C was absent due to the insufficient cells harvested.

Pigment Analysis {#S2.SS2}
----------------

Pigments were extracted following the protocol of [@B39]. Briefly, approximately 7 × 10^7^ cells was harvested and resuspended in 1 mL N, *N*-dimethylformamide (DMF) solution. After an hour incubation in −20°C and strong vortexing, the extraction was passed through Millipore syringe filters (GF/F) to remove cell debris, then mixed with the same volume of 1 M ammonium acetate. Pigment analysis was performed using a Dionex UltiMate 3000 HPLC fitted with an Eclipse XDB C8 column (4.6 × 150 mm, 3.5 μm particle size, 100 Å pore size, Agilent Technologies, Waldbronn, Germany). A UV--VIS DAD detector was used for data collection. The sample injection volume was 200 μL. Pigment identification process was followed the protocol of [@B77]. All procedures were conducted at low temperature conditions and avoid light so as to minimize pigment decomposition.

Protein Extraction, Digestion, and Peptide Labeling {#S2.SS3}
---------------------------------------------------

Two biological replicates were used for protein extraction based on a reported protocol with a few modifications ([@B70]). Approximately 7 × 10^7^ cells of each sample in the late-log phase were processed with TRIzol, chloroform, ethanol (95%) and then precipitated in ice-cold acetone at −20°C overnight. After centrifugation for 20 min at 20,000 × *g*, the protein pellet was re-suspended in rehydration buffer containing 7 M urea, 2 M thiourea, 40 mM Tris and 2% SDS, and the protein concentration was determined using the Bradford method ([@B10]). For protein digestion, 100 μg protein from each sample was digested with trypsin (Promega, Madison, WI, United States) at the ratio of protein: trypsin = 40: 1 at 37°C for 12 h. Acquired peptides were treated with a demineralization process using Strata X column (Phenomenex, Torrance, CA, United States) and then dried by vacuum centrifugation, and then re-dissolved in 0.2 M riethylammonium bicarbonate (TEAB) buffer. The peptide labeling was performed using an IBT Reagent 10-plex Kit provided by the Shenzhen Genomics Institute. IBT Reagent is a new type of reagents for isobaric peptides labeling and useful in a large quantity peptides of quantitative proteomics ([@B76]; [@B54]). The labeling efficiency of peptides exceeded more than 97% at ratio of 10:1 of reagent/peptide (w/w) in 200 mM TEAB buffer for 2 h, with a wide dynamic range of 50-folds without obvious matrix effect on quantification. Briefly, 2 μg IBT reagent was thawed in 80 μL isopropyl alcohol, followed by a quick mixing with 100 μg peptides prepared in the previous step for at least 2 h at room temperature with the isopropanol concentration remained at \>75%. The labeling process was stopped by adding trifluoroacetic acid ([@B54]). A total of 10 samples (five treatments with two replicates of each treatment) were used for IBT labeling and the samples were labeled as: 114 (22U_1) and 115C (22U_2) with cells grown at 22°C with urea as the sole N source; 116N (25U_1) and 117C (25U_2) with cells grown at 25°C with urea as the sole N source; 115N (25N_1) and 116C (25N_2) with cells grown at 25°C with NaNO~3~ as the sole N source; 117N (28N_1) and 118C (28N_2) with cells grown at 28°C with NaNO~3~ as the sole N source; and 118N (28U_1) and 119 (28U_2) with cells grown at 28°C with urea as the sole N source ([Supplementary Figures S1, S2](#DS1){ref-type="supplementary-material"}).

Separation of Peptides by C18 {#S2.SS4}
-----------------------------

Labeled peptides were dried and reconstituted in 2 mL buffer A (5% ACN, pH 9.8). Then, they were separated using a Gemini C18 column (4.6 mm × 250 mm, 5 μm particles, Phenomenex, Torrance, CA, United States) on a LC-20AB HPLC pump system (Shimadzu, Kyoto, Japan) at a flow rate of 1 mL/min with gradient buffer B (95% ACN, pH 9.8) at 5% for 10 min, 5--35% for 40 min, 35--95% for 1 min, and again at 5% for 10 min. The elution process was monitored at 214 nm and a total of 20 fractions were collected and dried *in vacuo*. The peptides were then dissolved in buffer C (2% ACN, 0.1% FA) and centrifuged at 20,000 × *g*. the supernate liquid was directly loaded on a trap column to remove salts and subsequently a C18 column (360 μm O.D. × 75 μm I.D.) with linear gradient buffer D (98% ACN, 0.1% FA) at 5% for 0--8 min, 8--35% for 8--43 min, 35--60% for 43--48 min, 60--80% for 48--50 min, 80% for 50--55 min, and 5% for 55--65 min at a constant flow rate of 300 nL/min.

LC-MS/MS Analysis {#S2.SS5}
-----------------

The MS analysis was performed using a Q-Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA, United States) under the data-dependent acquisition mode. The electrospray voltage applied was 1.6 kV. MS scan ranged from 350 to 1500 m/z at a resolution of 30,000 and the MS/MS resolution of 30,000. Precursor ions with a 2+ to 5+ charge state and a peak strength greater than 20,000 were selected to conduct MS/MS scans. The normalized collision energy was setting at 30%. Fragment ions were detected in the Orbitrap with 30.0 s dynamic exclusion. The MS2 noise cutoff was applied at S/N of 1.5 and the signals of reporter ions at least 5% intensity of the maximum peak were accepted for quantification.

Protein Identification and Quantification {#S2.SS6}
-----------------------------------------

Raw MS data were transformed through the Proteome Discoverer 1.2 (Thermo Fisher Scientific) into MGF format. Protein identification was performed using Mascot 2.3.02 (Matrix Science, Boston, MA, United States), which was then compared against the proteomic database of *Synechococcus* sp. WH8102 (2511 proteins with an additional 245 common contaminant sequences) ([@B47]). The defaults of Mascot search were set as follows: the peptide and fragment mass tolerance were 20 ppm and ±0.05 Da. Variable modifications included Oxidation (M) and IBT 10plex (Y) while the fixed modification included Carbamidomethyl (C), IBT 10plex (N-term), and IBT 10plex (K). For IBT quantification, the Mascot results were re-estimated using the IQuant algorithm ([@B73]) with the picked protein false discovery rate (FDR) strategy ([@B60]). To avoid bias, a missing reporter is imputed as the lowest observed values in each sample in IQuant ([@B32]), and the imputed values could be basically evaluated by checking an output file. To reduce the signal noise caused by sample preparation and the measurement procedure, we normalized the abundances of reporter ions through variance stabilization normalization ([@B30]). At least one unique peptide with filtration of 1% FDR (PSM-level FDR ≤ 0.01; Protein level FDR ≤ 0.01) were used for follow-up quantification analysis. Non-unique peptides and outlier peptide ratios were not subjected to quantitative calculation ([@B68]; [@B11]). The weight approach proposed by [@B11] is employed to evaluate the ratios of protein quantity based on reporterion intensities. The ratio of the protein is calculated according to the ratio of the unique peptides, which were directly calculated by the label intensity ratio in the corresponding spectrogram. If the peptides correspond to multiple spectrograms, the average value is taken. Each protein identified had to contain at least one unique peptide and one unique spectra. Differently expressed proteins (DEPs) were defined with the criteria of *Q*-value \< 0.05 and the fold change \>1.5 or \<0.67. For two groups of biological replicates, only proteins that were defined as differently expressed in at least one comparable group (set as 25U_1-vs-22U_1 and 25U_2-vs-22U_2, same for others) were considered to be different proteins. DEPs were clustered using hierarchical cluster software PermutMatrix (v1.9.3) ([@B13]).

The mass spectrometry data have been deposited to the PRIDE Archive^[2](#footnote2){ref-type="fn"}^ via the PRIDE partner repository with the data set identifier PXD011884.

Physiological and Biochemical Parameter Assay {#S2.SS7}
---------------------------------------------

Protein concentration of 7 × 10^7^ *Synechococcus* sp. WH8102 cells was detected using a 2-D Quant Kit (GE Healthcare, Germany) at an absorption of 480 nm following the manufacturer's instructions. Total sugars were detected according to the anthrone method ([@B27]). Briefly, frozen cells were ultrasonicated in MilliQ-H~2~O, then, a certain volume of cell lysates transferred into 80% sulfuric acid and boiled for 1 h. Anthrone reagent (0.2 g in 100 mL 80% sulfuric acid) was instantly added into the mixture, and boiled for an additional 10 min. A gradient concentration of glucose solution was carried out as described above to prepare standard curves. Samples and standards were conveyed to the detection at the absorbance of 620 nm.

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity was determined following the protocol provided by the kit from Suzhou Comin Biotechnology Co., Ltd. First, the cells were ultrasonicated in lysate, and then the total protein content was measured using a 2-D Quant Kit. Next, phosphoglycerate kinase (Reagent 1) and glyceraldehyde dehydrogenase (Reagent 2) were added and the decrease rate at 340 nm absorbance within 20 s was recorded. The activity of RuBisCO carboxylase was calculated as the amount of NADH produced from 1 mg protein within 1 min.

Approximately 7 × 10^7^ *Synechococcus* WH8102 cells were stored at −80°C until the ELISA was performed. The carbonic anhydrase (CA) protein concentration was measured using a MyBiosource ELISA assay (Plant Carbonic Anhydrase ELISA Kit, Cat. No: MBS9372022). The assays were conducted according to the manufacturer's guidelines. After incubation with HRP-Markers and thorough washing, TMB color solution was added. The absorbance of antibody-antigen-enzyme antibody complex derived from the samples and standard samples of 20, 10, 5, 2.5, 1.25, and 0.625 ng/ml were measured at 450 nm, the most commonly wavelength used for the TMB chromogenic reagent. CA content of the samples was calculated based on the standard curve and dilution multiples.

Nitrate, nitrite, and ammonium concentrations in the culture medium were measured using a Skalar San++ continuous flow analyzer^[3](#footnote3){ref-type="fn"}^. The concentration of urea was determined using a colorimetric method ([@B16]). The Fv/Fm was detected using a WATER-PAM fluorometer with WinControl software (Walz) as described in [@B37].

RNA Extraction and qPCR Analysis {#S2.SS8}
--------------------------------

Three biologically repeated RNA samples in the late-log phase were processed as described by [@B4] with modifications. Briefly, the thawed samples of approximately 7 × 10^7^ cells were lysed in TRIzol reagent and then ultrasonicated in ice bath for 10 min. The cell lysate were mixed with the chloroform of 200 μL and centrifuged at 12,000 *g* for 20 min at 4°C. The RNeasy mini Kit (Qiagen, Germany) and the QuantiTect Reverse Transcription Kit (Qiagen, Germany) were used to perform RNA purification and cDNA biosynthesis. gDNAase (provided by the Transcription Kit) was added to remove genomic DNA. The qPCR assay was performed in an ABI 7500 Thermal Cycler in a volume of 20 μL according to the SuperReal PreMix Plus Kit (Qiagen, Germany), with an initial preheating at 95°C, followed by 40 cycles of 95°C for 15 s and 60°Cfor 1 min. qPCR results were analyzed according to [@B33]. The WH8102-specific primers of *urea transporter (urtA2)*, *nitrate transporter (nrtA)*, *nitrite reductase (nirA)*, *urease subunit A (ureA)*, *glutamine synthetase (glnA)*, and *glutamate synthase (glsF)* were designed using the online Primer3 Input (v0.4.0) basing on the cDNA sequences obtained from WH8102 genome ([Supplementary Table S4](#DS1){ref-type="supplementary-material"}). The expression of 16S rRNA in WH8102 was treated as internal reference. Relative quantification of gene expressions was performed using the delta-delta Ct method, as described by [@B34]. All data were expressed as the mean ± SD after normalization.

Statistical Analysis {#S2.SS9}
--------------------

To estimate the statistical significance (*P*-values) of the protein quantitative ratios, IQuant adopts the permutation test (iteration 1000 times), anon-parametric approach reported by [@B46]. For each protein, IQuant provided a significance evaluation (*Q*-values) that is corrected for multiple hypothesis testing by the Benjamini--Hochberg method ([@B7]). For each physiological parameter, three biological replicates were analyzed. Statistical significance was analyzed using *t*-test performed on the IBM Predictive Analytics Software (PASW) Statistics (v18). Furthermore, the analysis of variance (ANOVA) under the general linear model was used to examine potential interactions between temperature and nitrogen for the physiological assays ([@B21]; [@B31]).

Results {#S3}
=======

Physiological Responses to Rising Temperature {#S3.SS1}
---------------------------------------------

In the nitrate-grown cells, cell density was higher at 25°C than that at 22°C or 28°C, and cell growth rate at 28°C was not significantly different from the rate at 22°C, but it was slightly less than that at 25°C. Whereas, they varied insignificantly in the urea-grown cells ([Figures 1A,B](#F1){ref-type="fig"}, [Table 1](#T1){ref-type="table"}, and [Supplementary Table S1](#TS1){ref-type="supplementary-material"}). Photosynthetic efficiency (Fv/Fm) of the nitrate-grown cells was a little higher than that of the urea-grown cells, but it decreased at 28°C, while the urea-grown cells maintained a relatively high value of Fv/Fm at 28°C ([Figures 1C,D](#F1){ref-type="fig"}). Nitrate uptake by cells declined at 28°C but urea uptake was enhanced ([Figures 1E,F](#F1){ref-type="fig"}). Contents of sugar, protein and Chlorophyll a (Chl a) in the nitrate-grown cells were significantly decreased with rising temperature, while only protein content was obviously decreased in the urea-grown cells at 28°C ([Figure 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Content of zeaxanthin in the urea-grown cells increased significantly with rising temperature, while it varied insignificantly in the nitrate-grown cells ([Figure 2](#F2){ref-type="fig"}). Temperature rising had no effect on β-carotene content in both nitrate- and urea-grown cells. RuBisCO activity was depressed only in the urea-grown cells ([Figure 3A](#F3){ref-type="fig"}) while CA activity of both nitrate- and urea-grown cells was decreased with rising temperature ([Figure 3B](#F3){ref-type="fig"}). Moreover, the urea-grown cells presented high RuBisCO activity and low CA activity compared with the nitrate-grown cells ([Figure 3](#F3){ref-type="fig"}). Due to insufficient harvested cells, data of the cells at the 22°C was failed to be obtained. Interestingly, temperature and N sources caused significantly interactive influences on growth rate (*F* = 10.60, *df* = 2, *p* = 0.002), contents of Chla (*F* = 13.03, *df* = 2, *p* = 0.001) and zeaxanthin (*F* = 10.00, *df* = 2, *p* = 0.003), and activities of RuBsico (*F* = 11.27, *df* = 1, *p* = 0.01) and CA (*F* = 7.27, *df* = 1, *p* = 0.027). However, no significant interactive influences on total contents of proteins (*F* = 2.51, *df* = 2, *p* = 0.123) and sugars (*F* = 2.14, *df* = 2, *p* = 0.161) were observed.

![Cell numbers, photosynthetic efficiencies (Fv/Fm) and N nutrient concentrations in culture media at different growing temperatures. **(A,C,E)** With nitrate as the sole N source. **(B,D,F)** With urea as the sole N source. Red squares represent cell growth at 22°C, green triangle lines represent 25°C and yellow circle lines represent 28°C. The initial cell density was about 1000 cells/mL in all cultures, and the initial concentrations of nitrate and urea were 882 and 441 μM. Differences were very small in the first 4 days, and thus, only the changes in the following days are shown. The results are the means of three biological replicates. Error bars denote ± SD of the mean (*n* = 3).](fmicb-10-01976-g001){#F1}

###### 

Growth rate, sugar and protein contents of the *Synechococcus* WH8102 cells grown on nitrate or urea at 22, 25, and 28°C.

  **Strains**      **Temperature**   **Average growth rate (*T*~d~)**   **Total sugar content (μg/10^9^ cells)**   **Total protein content (μg/10^9^ cells)**
  ---------------- ----------------- ---------------------------------- ------------------------------------------ --------------------------------------------
  WH8102 + NO~3~   22°C              0.58 ± 0.03ab                      10.24 ± 0.19b                              1.11E^2^ ± 5.89b
                   25°C              0.62 ± 0.01b                       5.35 ± 0.83a                               7.28E^1^ ± 4.13a
                   28°C              0.53 ± 0.02a                       6.51 ± 0.45a                               6.32E^1^ ± 3.81a
  WH8102 + urea    22°C              0.56 ± 0.03ab                      19.79 ± 3.44b                              1.36E^2^ ± 2.50c
                   25°C              0.67 ± 0.03b                       10.33 ± 1.66b                              1.50E^2^ ± 5.16c
                   28°C              0.63 ± 0.02b                       14.16 ± 2.58b                              1.10E^2^ ± 4.80b

Each value is the mean ± SD (

n

= 3). Values not sharing the same letters are significantly different at

P

\< 0.05.

![Pigment contents of the *Synechococcus* WH8102 cells at different growing temperatures. **(A)** With nitrate as the sole N source. **(B)** With urea as the sole N source. Zea, zeaxanthin; Chla, chlorophyll a. The results are the means of three biological replicates. Error bars denote ± SD of the mean (*n* = 3). Different letters indicate significant differences between treatments at *P* \< 0.05.](fmicb-10-01976-g002){#F2}

![*In vitro* activities of RuBisCO carboxylase **(A)** and carbonic anhydrase **(B)** in the *Synechococcus* WH8102 cells grown on different N sources under 25 and 28°C. "N" refers to nitrate source and "U" to urea source. The results are the means of three biological replicates. Error bars denote ± SD of the mean (*n* = 3). Different letters indicate significant differences between treatments at *P* \< 0.05.](fmicb-10-01976-g003){#F3}

Proteomics Overview {#S3.SS2}
-------------------

To explore the molecular basis of cellular responses to rising temperature, the IBT-based proteomic analysis was carried out ([Supplementary Figure S2](#DS1){ref-type="supplementary-material"}). A 2,79,923 spectra were generated and 71,837 matching maps were obtained under the 1% FDR filter. Using stringent criteria, a total of 10,856 peptides and 1764 proteins matched by at least one unique peptides were confidently identified and selected for further protein quantification ([Supplementary Table S2](#TS2){ref-type="supplementary-material"}), representing approximately 70% of the 2511 predicted proteins in the *Synechococcus* WH8102 genome ([@B47]). Among them, 80% were identified with two or more unique peptides and 68% were with more than 10% of the sequence coverage. Total of 209 DEPs were identified from six pairwise comparisons ([Supplementary Figure S3](#DS1){ref-type="supplementary-material"} and [Supplementary Table S3](#TS3){ref-type="supplementary-material"}).

Proteomic Responses to Different N Sources {#S3.SS3}
------------------------------------------

The DEPs between the nitrate- and urea-grown cells were most frequently assigned to categories, including "Transporter," "Nitrogen metabolism," and "Urea metabolism" ([Supplementary Figure S4](#DS1){ref-type="supplementary-material"} and [Supplementary Table S3](#TS3){ref-type="supplementary-material"}). The most relevant proteins with significant changes at each pairwise comparison were manually selected and presented in [Figure 4](#F4){ref-type="fig"}. Global Nitrogen regulator (SYNW0275), nickel transporter (SYNW1683), four subunits of urea transporter complex (urtA, urtB, urtD, and urtE) and three subunits of urease complex (ureA, ureB, and ureC) were more abundant in the nitrate-grown cells than in the urea-grown cells ([Figures 4A,C](#F4){ref-type="fig"}). Two accessory proteins (ureE and ureG) supporting the assembly of the nickel metallo center of urease as well as several proteins involved in inorganic N assimilation, such as ammonium transporter (AMT), nitrate transporters (nrtA, nrtC, and NiT) and ferredoxin -- nitrite reductase (nirA) ([Figure 4A](#F4){ref-type="fig"}) were also more abundant in the nitrate-grown cells.

![Differently expressed proteins from the *Synechococcus* WH8102 cells. Color indicates higher (red) or lower (blue) abundance relative to the centered mean value (black). Protein names and GI numbers are shown at the right. **(A)** Comparison between 25N-vs-25U and 28N-vs-28U. **(B)** Comparison between 25U-vs-22U and 28U-vs-22U. **(C)** Comparison between 28N-vs-25N and 28U-vs-25U.](fmicb-10-01976-g004){#F4}

GO term enrichment analysis further confirmed that cellular processes including "membrane" (GO: 0016020), "urease activity" (GO: 0009039), and "transporter activity" (GO: 0005478) were highly expressed in the nitrate-grown cells ([Supplementary Figure S4](#DS1){ref-type="supplementary-material"}). In addition, more cellular functions were down-regulated in the nitrate-grown cells at 25°C, including "glycosyltransferase activity" (GO: 0008194), "rRNA binding" (GO: 0019843), "Structural constituent of ribosome" (GO: 0003735), "Transferase activity" (GO: 0016758), "RNA binding" (GO: 0003723), and "Nucleic acid binding" (GO: 0003676). However, they varied insignificantly in both nitrate- and urea-grown cells at 28°C ([Supplementary Figure S5](#DS1){ref-type="supplementary-material"}).

Proteomic Responses to Rising Temperature {#S3.SS4}
-----------------------------------------

Rising temperature caused changes in the abundance of proteins involved in "Nitrogen metabolism," "Starch and sucrose metabolism," and "Carotenoid biosynthesis" in the urea-grown cells ([Supplementary Figure S4](#DS1){ref-type="supplementary-material"} and [Supplementary Table S3](#TS3){ref-type="supplementary-material"}). Abundances of three urea transporter subunits (urtA, urtD, and urtE) and two urease subunits (ureC and ureE) in the urea-grown cells decreased 1.53- to 2.48-fold at 25 and 28°C compared with cells at 22°C ([Figure 4B](#F4){ref-type="fig"}). Abundance of sucrose-phosphate synthase (SPS) responsible for converting starch to soluble sugars, increased 1.68- and 2.18-fold in the urea-grown cells at 25 and 28°C compared with cells at 22°C, whereas, the abundances of three proteins involved in carbohydrate degradation, glycogen phosphorylase (glgP), 6-phosphogluconate dehydrogenase (PGD), and fructokinase (scrK), decreased 1.53- to 2.24-fold ([Figure 4B](#F4){ref-type="fig"}). Another most frequently detected protein involved in carbohydrate transport, "Porin" protein, together with two closely linked regulators, RpaA, and RpaB was significantly up-regulated in the urea-grown cells at 28°C. Proteins involved in "Carotenoid biosynthesis," including phytoene desaturase (crtP), isorenieratene synthase (crtU), and carotene isomerase (crtH), were down-regulated in the urea-grown cells as the temperature rose ([Figure 4B](#F4){ref-type="fig"}).

Two enzymatic antioxidants, peroxiredoxin (Prx) and thioredoxin (Trx), and a redox-sensitive protein CP12, along with a few DNA damage-inducible proteins and molecular chaperones were significantly up-regulated in both nitrate- and urea-grown cells with rising temperature ([Table 2](#T2){ref-type="table"}). Five ribosomal subunits were down-regulated in the nitrate-grown cells at 25°C while 17 ribosomal subunits were down-regulated in the urea-grown cells at 28°C ([Figure 4B](#F4){ref-type="fig"}). Notably, a carboxysome shell protein, CsoS2 involved in carboxysome formation, was down-regulated with rising temperature in both nitrate- and urea-grown cells ([Figure 4C](#F4){ref-type="fig"}).

###### 

Up-regulated proteins related to oxidative stress responses in the cells grown in nitrate or urea at 22, 25, and 28°C.

  **Accession number**   **Name**
  ---------------------- ---------------------------------------
  gi\|499439633\|        Thioredoxin
  gi\|499440416\|        Peroxiredoxin
  gi\|499440854\|        CP12 family protein
  gi\|499439769\|        Metallothionein
  gi\|499441613\|        Molecular chaperone DnaJ
  gi\|499441754\|        HSP20 family protein
  gi\|499440429\|        Ribonuclease III family protein
  gi\|499440145\|        DNA damage-inducible protein
  gi\|499441456\|        DNA recombination/repair protein RecA

Validation of DEPs Using qPCR {#S3.SS5}
-----------------------------

Representative genes involved in N metabolism were selected for qPCR analysis to validate the corresponding protein expressions ([Supplementary Table S4](#DS1){ref-type="supplementary-material"}). As showed in [Figure 5](#F5){ref-type="fig"}, expressions of *nrtA* (SYNW2487) and *ureA* (SYNW2447) in the nitrate-grown cells were remarkably increased at 28°C, while expressions of *urtA2* (SYNW0374), *nirA* (SYNW2477), and *Glutamate synthase* (*glsF*, SYNW2132) were down-regulated in both nitrate- and urea-grown cells when temperature increased to 28°C. Expression of *Glutamine Synthetase* (*glnA*, SYNW1973), which is required for ammonium assimilation, showed insignificant differences between the nitrate- and urea-grown cells under different temperature conditions. Notably, the expressions of almost all N metabolic genes in the nitrate-grown cells were higher than that in the urea-grown cells. Expression of *nirA* was decreased in the nitrate-grown cells at 28°C, which was not consistent with the variation of protein abundances. Different temporal expressions of gene and protein might be the main reason ([@B24]).

![Relative transcripts of selected genes from N metabolism in *Synechococcus* WH8102.](fmicb-10-01976-g005){#F5}

Discussion {#S4}
==========

Our physiological results indicated that rising temperature did not increase cell growth and biomass of *Synechococcus* grown in either nitrate- or urea condition. Accordingly, interactions between temperature and N sources significantly influenced the physiological performances. Cells grown on nitrate were more sensitive to rising temperature since lower cellular content of Chl a was observed ([Figures 1A,C](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [6](#F6){ref-type="fig"}), in accord with a previous study that the elevated temperature of above 27°C leads to photo damage and results in significantly decreasing of both growth rate and photosynthetic yield ([@B37]). However, they varied insignificantly or remained relatively high values in the urea-grown cells at 28°C ([Figure 1D](#F1){ref-type="fig"}). In this study, urea promoted cells to synthesize more sugars and proteins when compared with nitrate, which has been considered as the inherent differences between N sources (no interactive influences were found between temperature and N sources), but it was not affected by the temperature rise, suggesting that *Synechococcus* grown in urea had stronger temperature-resistant capacity than that grown in nitrate.

![Physiological and proteomic responses of the *Synechococcus* WH8102 cells between different types of N sources under temperature increasing conditions. Growth rate of cells at 28°C on nitrate was declined when compared to cells at 25°C, but was not significantly declined at 22°C. The activity of RuBisco was declined in cells grown on urea at 28°C, but was still higher than that of cells grown on nitrate. Rates of N absorption was not assayed in the study, instead, we used the volumes of N reduction in the medium to represent the volumes of N absorbed into the cells.](fmicb-10-01976-g006){#F6}

Interestingly, the content of zeaxanthin in the urea-grown cells was significantly increased as temperature rose but there was no change in the nitrate-grown cells ([Figures 2](#F2){ref-type="fig"}, [6](#F6){ref-type="fig"}). Carotenoids are prevalently distributed in *Synechococcus* while beta-carotene and zeaxanthin as two principal carotenoids ([@B63]). Zeaxanthin not only functions as an accessory light-harvesting pigment transferring energy to chlorophyll, but also plays an important role in preventing photo-damage through quenching and dissipating the energy as heat ([@B78]; [@B26]). Previous studies show that urea promotes production of carotenoid in eukaryotic microalgae ([@B14]) and *Flavobacterium* ([@B8]), and the content of zeaxanthin is enhanced by ultraviolet-B radiation ([@B23]) and light stress ([@B63]; [@B61]). Increasing zeaxanthin content in the urea-grown cells might assist cells to efficiently cope with negative impacts caused by high temperature.

Expressions of both genes and proteins involved in urea utilization were up-regulated in the nitrate-grown cells, exhibiting an NtcA-dependent manner ([Figures 4A](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}). NtcA plays a governing role in up-regulating genes for N transport and assimilation of *Synechococcus* ([@B65]). Inducible up-regulation of urea utilization in the nitrate-grown cells indicated that the WH8102 cells had evolved the preferential use of reducing N sources regulated by the transcriptional factor NtcA owing to living long-term in the oligotrophic environment where nitrate concentration is negligible ([@B47]; [@B17]). A co-expression pattern of NtcA and N utilizing proteins was observed and the expressions of *urtA2* and *ureA* were down-regulated in the urea-grown cells, although they were clearly required for urea utilization ([Figures 4B](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}). Generally, nutrient limitation results in the increase of mRNA or the protein levels of nutrient uptake genes. Since the cellular uptake of N-atoms was increased in the urea-grown cells while it was decreased in the nitrate-grown cells ([Figures 1E,F](#F1){ref-type="fig"}), down-regulation of NtcA, N-metabolic proteins and genes at 28°C in the urea-grown cells indicated that rising temperature exerted negative impacts on the nitrate-grown cells for N assimilation but promoted the absorption of N in the urea-grown cells ([Figure 5](#F5){ref-type="fig"}).

Carbohydrates, as the main source of energy in cells, derive mainly from oxygenic photosynthesis ([@B41]). Though cells grew at the highest rate at 25°C, few PBS pigment proteins and photosynthetic complexes were up-regulated compared with that at 22°C, which differed from the previously reported temperature-dependent protein expressions but consisted with the observation that both growth rate and Fv/Fm value are reduced when temperature exceeds 24°C ([@B37]). Cyanobacteria generally have the effective photosynthetic CO~2~ concentrating mechanism (CCM) that enables photosynthesis to proceed smoothly ([@B5]; [@B29]). Carboxysome, the center of the CCM, contains RuBisCO and CA which inter converts CO~2~ and HCO~3~^--^ species ([@B66]). The urea-grown cells presented high activity of RuBisCO and low activity of CA compared with the nitrate-grown cells ([Figure 3](#F3){ref-type="fig"}), suggesting that cells grown on urea could have a less demand for CO~2~ and higher carboxylation efficiency. However, the abundances of RuBisCO and CA varied insignificantly, except that the abundance of CAs increased 1.4 fold in the urea-grown cells compared with the nitrate-grown cells at 25°C. The carboxysome shell protein, CsoS2, was significantly down-regulated in both nitrate- and urea-grown cells with rising temperature ([Figures 4B,C](#F4){ref-type="fig"}, [6](#F6){ref-type="fig"}). CsoS2 protein is essential for carboxysome assembly and interacts with the shell proteins and RuBisCO ([@B55]; [@B12]). These results indicated that ocean warming impaired carboxysome and CAs which decreased the ability of *Synechococcus* to take up ambient CO~2~, but CO~2~ produced by the hydrolysis of urea might create a suitable microenvironment for RuBisCO with high CO~2~ concentration, and thus lessened the cell requirement for outer CO~2~/bicarbonate ([@B43]; [@B36]), which compensated for the negative effects caused by carboxysome shell degradation.

Proteomic data also unveiled an alternative way beneficial for carbohydrate accumulation in the urea-grown cells: the urea-grown cells increased in abundance of the proteins responsible for sugar accumulation, such as SPS and porins, whereas, decreased in abundance of those proteins involved in carbohydrate degradation, such as glgP, PGD, and scrK ([Figures 4B](#F4){ref-type="fig"}, [6](#F6){ref-type="fig"}). The porins, belonging to the OprB family, are mainly involved in carbohydrate uptake, including glucose, mannitol, glycerol, and fructose as reported in *Synechococcus* ([@B71]) and *Pseudomonas aeruginosa* ([@B75]). OprB can be synthesized under the osmotic stress caused by high temperature through the OmpR family ([@B71]; [@B75]; [@B1]; [@B12]). Therefore, up-regulation of porins enhanced carbohydrate transport and accumulation, which in turn benefited the urea-grown cells so as to relieve osmotic stress caused by high temperature.

Nitrogen is essential for protein synthesis and urea allows cells to redirect saved equivalents to produce more proteins as reported ([@B51]). However, our results indicated that rising temperature caused negative effects on cellular proteins and ribosomal subunits in both nitrate-and urea-grown cells ([Figures 4A,B](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Inspiringly, within the temperature range of this study, we found that ribosomes in the urea-grown cells were less readily degradable ([Figure 4](#F4){ref-type="fig"}): total protein and ribosomal subunits were initially decreased in abundance in the nitrate-grown cells at 25°C, whereas it occurred at 28°C in the urea-grown cells. Ribosomes are the main location of protein biosynthesis and new ribosomes are continuously generated to meet the needs of the cells ([@B74]). The tertiary assembly of ribosome is temperature-dependent ([@B50]; [@B20]) and degradation occurs at a temperature markedly higher than the optimal growth temperature ([@B38]; [@B59]; [@B9]). Our results suggested that the negative impacts brought by ocean warming on *Synechococcus* growth were unavoidable, and ribosomal down-regulation could be the primary cause for the decrease of intracellular protein content. We postulated that the ribosome could serve as a potential indicator of a high temperature response, which was similar to the result in *Escherichia coli* upon heat shock stimuli ([@B69]).

A previous study shows that autotrophic organisms are able to perform photosynthetic efficiency over a range of temperature surrounding the optimal growth temperature (*T*~opt~) ([@B37]). Higher-*T*~opt~ can cause an imbalance between photochemistry and metabolism, resulting in reactive oxygen production and photo-damage as induced by light stress ([@B28]; [@B78]; [@B37]). For example, *Synechococcus* PCC 6301 synthesizes only a limited number of polypeptides upon a heat-shock ([@B9]), while transcripts of genes associated with major metabolic pathways are reduced and different chaperons are dramatically increased in *Synechococcus* PCC 7002 ([@B36]). In our study, Prx, Trx, and CP12 were significantly up-regulated in both nitrate- and urea-grown cells. Prx and Trx belong to the antioxidant defense system and the dithiol-disulfide redox regulatory network in plant and cyanobacteria ([@B19]). In *Synechococcus* PCC 7942, thioredoxin-peroxidase is essential for the detoxification of H~2~O~2~ under oxidative stress ([@B48]). CP12 is found in most photosynthetic organisms, including cyanobacteria, diatoms and high plants ([@B35]). The thioredoxin-mediated glyceraldehyde-3-phosphate dehydrogenase-CP12-phosphoribulokinase complex can protect the Calvin cycle related enzymes from oxidative damage ([@B40]). The *Synechococcus* WH8102 cells experienced oxidative stress under the rising temperature condition, however, whether it led the decline of growth rate and chlorophyll content in the nitrate-grown cells stills needs further study.

Interestingly, the zeaxanthin content of the urea-grown cells was increased significantly, suggesting that zeaxanthin might function as an antioxidant against oxidative stress derived from rising temperature. Generally, zeaxanthin biosynthesis is catalyzed by six enzymes as outlined previously ([@B23]). Promotion of urea in the production of zeaxanthin is reported ([@B8]; [@B14]). However, in our study, three proteins (CrtP, CrtU, and CrtH) involved in carotenoid biosynthesis ([@B57]; [@B78]) in the urea-grown cells were down-regulated with rising temperature ([Figure 4B](#F4){ref-type="fig"}), presenting a contradiction between protein expression and zeaxanthin content. Alternative pathways of zeaxanthin biosynthesis ([@B42]), posttranscriptional and metabolite feedback regulations of carotenoid accumulation ([@B18]; [@B6]; [@B15]) might be responsible for this inconsistency. Most likely, as the N source, urea might provide more pigment precursors for carotenoid biosynthesis. [@B3] reported that asparagine and glutamine, as well as some carbohydrate catabolites, can enhance zeaxanthin production. In the urea-grown cells, the excess ammonium was transformed into asparagine and glutamine, and subsequently participated in the production of intermediates in the citric acid cycle. It is postulated that this assimilation pathway of ammonia not only promotes the synthesis of antioxidant zeaxanthin, but also reduces the toxicity of ammonia ([@B58]). This hypothesis still needs further study.

Conclusion {#S5}
==========

In summary, our results indicated that rising temperature did not enhance cell growth of *Synechococcus* grown in either nitrate or urea; on the contrary, it impaired cells regarding carbon fixation, protein synthesis and N assimilation, although urea relieved the high temperature stress to cells to a certain extent through increasing protective pigment content and more effective carbon fixation. Considering the significantly interactive influences of rising temperature and N sources on the physiological performance, we should be more cautious when we use climate change models to predict the future tendency of *Synechococcus* in the ocean regarding ocean warming, and N sources should be integrated into the prediction models. It should be pointed out that we conducted this study using the oceanic *Synechococcus* strain under high N nutrient conditions, which might not fully reflect the actual situations of natural marine environments. A comprehensive assessment of ocean warming effects on distinct *Synechococcus* strains under different N sources and levels should be carried out in both laboratory and natural environments to understand the productivity and distribution of *Synechococcus* in the future ocean.
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